Introduction {#s0005}
============

The 2019--20 coronavirus outbreak is an ongoing pandemic of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [@b0005]. The outbreak was identified in Wuhan, China, in December 2019, declared to be a Public Health Emergency of International Concern on 30 January 2020, and recognized as a pandemic on 11 March 2020 [@b0010], [@b0015]. As of 16 April 2020, more than 2 million cases of COVID-19 have been reported in 213 countries and territories [@b0005]. Liver transplantation (LTX) is the second most common solid organ transplantation worldwide after kidney transplantation. The overall global LTX rate is 3.7 per million population [@b0020], [@b0025]. Indications of LTX also vary according to geography. In developed countries, HCV has been the main indication for LTX, although it is now being replaced by alcoholic liver disease, non-alcoholic liver disease (NAFLD), and hepatocellular carcinoma (HCC), while in Asia; hepatitis B and HCC remain a common indication for LTX [@b0030], [@b0035]. In Arab countries, 3,804 liver transplants were performed in the period 1990--2013 in which Living donor liver transplantation (LDLT) represented 80%, and deceased donor liver transplantation (DDLT) represented 20%. Fifty-six percent of the reported cases were in Egypt [@b0040].

COVID-19 and liver transplantation: {#s0010}
===================================

Based on previous observations for SARS and other related viruses, a theoretical risk of liver damage exists with COVID-19 infection [@b0045], [@b0050]. However, available data only reported hepatic dysfunction in the form of abnormal levels of liver aminotransferases and slightly elevated bilirubin levels, mainly in critically ill patients [@b0055]. On the other hand, reports during an influenza outbreak in Germany in winter 2017/2018 showed increased organ failure scores of patients with liver cirrhosis where 5 out of 11 patients with liver cirrhosis developed acute liver failure during influenza infection [@b0060]. No data available on the impact of COVID-19 on decompensated liver disease patients awaiting LTX, but because of the known immunocompromised state of these patients, adequate protective measures should be maintained. Although healthcare facilities are overwhelmed with management of COVID-19 patients & health resources are being rapidly consumed, the American Association for the Study of Liver Diseases (AASLD), recommended against postponing transplantation. Moreover, they advised each program to consider its capability regarding intensive care unit (ICU) beds, ventilators availability, and blood donation [@b0050]. Prioritization of transplant candidates is another problem that may face clinicians due to limited resources during the pandemic, as well as the exclusion of donors infected with COVID-19 [@b0050]. Immunosuppression in the post-transplant recipients may be protective against cytokine storm induced by COVID-19, which is responsible for the severe illness on the one hand. However, and on the other hand, recipients on immunosuppression may have more intense and prolonged shedding of the virus, increasing the risk of transmission to contacts, including healthcare workers [@b0065]. This could emphasize the crucial role of implementing infection control measures to avoid losing candidates on the LTX waiting list because of the closed transplantation centers [@b0070].

Surgical considerations during operating COVID-19 patient: {#s0015}
==========================================================

International societies like World Health Organization (WHO) and Centre for Disease Control and Prevention (CDC) are always confirming the necessity to use Personal Protection Equipment (PPE) in addition to the restriction of outpatient and elective procedures as preventive measures against COVID-19 [@b0075]. Limitations of aerosol-generating procedures like suction, endotracheal intubation, and advanced endoscopy are of major concern due to the fear of the possibility of disease transmission. Further restrictions to prevent other routes of infections like feco-oral transmission, included colorectal surgeries and colonoscopies. Currently, many interventional surgical societies, anesthesia, endoscopy, radiology, and intensive care have placed their statements, guidelines, and recommendations to adjust their practice to the current epidemic [@b0080]. Different reasons rationalized the delay or even cancellation of non-emergency procedures as they would consume PPE tools which are currently running short supply worldwide. The second reason that such elective procedures are postponed or canceled is to prevent unnecessary infections to medical staff and caregivers, which may be transmitted from asymptomatic COVID-19 patients or their companions. Also, they consider such procedures a further burden and workload on an already exhausted medical system. Finally, occupying the operative theatres with such cases would warranty the need for mechanical ventilators that might be more beneficial and valuable if they are directed to rescue a COVID-19 patient's life [@b0085]. Meticulous evaluation should be done before deciding for the priority of the procedure through detailed history taking, one by one consultation, temperature measurement, hand hygiene, and reporting of any suspected case of COVID-19 (even if afebrile), and finally cleaning and disinfection protocols of premises. Repeated physical examination and temperature measurement along with the revision of chest imaging like a computed tomography scan or a chest radiograph, and if COVID-19 is suspected or confirmed, all non-emergency procedures would be delayed or canceled [@b0090].

Indications of liver transplantations in COVID-19 era {#s0020}
=====================================================

Because of the rapidly changing situation of COVID-19 infection worldwide, indications of LTX will need to be updated according to the emerging data. Bearing in mind that any liver transplant related activity not only involves the donor and the recipient, but it involves many individuals, including doctors, paramedical staff, nurses, and health care workers. Taking into consideration that there is a risk of the donor to recipient transmission of COVID-19, from both deceased donors and living donors. The risk of donor-derived infection would depend upon donor exposure, infectivity in the incubation period, degree and duration of viremia, and viability of the virus within blood or specific organ compartments [@b0065]. Traditionally, The AASLD/AST guidelines outline four major types of indications for LTX in the United States: Acute liver failure, complicated cirrhosis, metabolic liver diseases, and systemic complications of chronic liver disease [@b0095]. Acute liver failure is the most important indication for emergency LTX. Common causes of acute liver failure include acetaminophen overdose, acute viral hepatitis, drug-induced liver injury, mushroom poisoning, autoimmune hepatitis, Wilson\'s disease, acute ischemic hepatitis (shock liver), and acute fatty liver of pregnancy [@b0095], [@b0100], [@b0105], [@b0110]. Similarly, patients with cirrhosis and type 1 hepatorenal syndrome have a median survival of fewer than two weeks and should be urgently referred to a transplant center for expedited transplant evaluation, as should patients with other evidence for rapid hepatic decompensation [@b0095], [@b0115].

Elective LTX is indicated in cases with cirrhosis associated with deteriorating hepatic synthetic function, renal function, and related complications like HCC [@b0095], [@b0120], [@b0125], [@b0130], [@b0135], [@b0140], [@b0145], [@b0150], [@b0155]. To minimize the risk of COVID-19 exposure in the hospital setting, LTX should be done judiciously as per the following criteria. In essence, non-urgent transplants should be postponed, and acute liver failure can be done according to the standard indications, acute on chronic Liver failure decisions for transplantation should be based on individual center\'s experience [@b0160].

Donor risks and care during COVID-19 pandemic {#s0025}
=============================================

Despite being potentially transmitted by organ donation, recent recommendations suggest that LTX could be performed during the COVID-19 pandemic [@b0050]. As the organism is predominantly found in respiratory secretions, lungs are considered high-risk organs for transmission of COVID-19infection if the donor is infected. However, all other organs could be considered at risk as the virus was isolated from blood in nearly 15% of cases [@b0165]. These observations are supported by evidence from the SARS epidemic in 2003 in which autopsy results could demonstrate the virus in almost all body organs [@b0170].

Two types of LTX techniques are available; the first is the conventional or standard method, which involves implantation of whole liver grafts DDLT, and this type is the most widely used in the USA and Europe [@b0095]. The other type is LDLT, and this is the only option available for patients living in some countries like Egypt as cadaveric organ transplant is still banned there, and that is why some patients travel abroad seeking organ transplant elsewhere [@b0175]. At present, the organ procurement organizations (OPOs) and hospitals having LDLT programs should screen potential donors for exposure and clinical symptoms suggestive of COVID-19, and as more information builds up, the ideal approach would hopefully be developed [@b0180]. Although personal contact is the basis of the doctor-patient relationship, which allows rapid and accurate assessment of the patient\'s condition, unfortunately, it exposes physicians to the risk of infection and becomes a source of the virus spread. Therefore, it is considered wise to substitute direct contact with patients with more distant interactions with the utilization of available technology. The same approach could also be applied to the post-operative period for the donor in the case of LDLT, aiming to be discharged as soon as possible from the hospital [@b0185]. With the increasing number of infected cases and mortality caused by COVID-19, a recent discussion for using organs from patients infected with COVID-19 has led to several points of debate. For instance, from the clinical point of view, it could potentially be a life-saving procedure, especially that delays might result in more deterioration for the patient\'s need for the organ and even increase the risk of COVID-19 exposure. On the other hand, it may transmit infection, which would even be more severe in transplant recipients, especially in the absence of effective therapy. Financially speaking, it can be a possible source of income for hospitals despite reimbursements remain uncertain. It might be argued from the legal point that organs with HCV have already been transplanted after getting informed consent from patients. Nevertheless, this disease has a different risk profile compared to HCV. As regards the ethical perspective, this procedure respects the wishes of donors and their families and ensures the autonomy of patients willing to do so. However, patients could be overwhelmed with responsibility for informed consent in the presence of little guidance [@b0190].

Precautions for preparation of patients before liver transplantation {#s0030}
====================================================================

The emergence of the COVID-19 pandemic has posed extensive threats and problems to all the healthcare facilities, including LTX centers [@b0195]. These effects are not only confined to donor or recipient issues but also extends to involve many other problems in the availability of healthcare resources [@b0065]. We are faced with enormous challenges owing to the high communicability and virulence of the virus, the risk of introducing immunosuppressive therapies during this pandemic, and our utmost need for all the health care utilities. On the other hand, we do have a very long list of miserable patients waiting for LTX, which is the only available treatment option for this difficult to treat a group of patients, so judicious decisions and strict precautions became now mandatory [@b0200]. Streptococcal pneumonia and influenza vaccines are strongly recommended to all recipients prior to LTX, together with strict prophylaxis against complications of cirrhosis to reduce the number of hospital admissions [@b0205]. It is also recommended to test for COVID-19 in patients with acute decompensation or Acute on top of chronic liver failure (ACLF) [@b0195]. For those on LTX lists, it is recommended to test both donors and recipients for COVID-19 before LTX, putting into consideration that negative results do not totally exclude the infection. Alternatively, computed tomography (CT) of the chest can be considered [@b0210]. Pre-procedure consent should include the potential hazard for the acquisition of nosocomial COVID-19infection [@b0195]. Accepting only grafts with a low risk of delayed graft function to reduce complications and minimize the length of postoperative stay is also recommended [@b0050]. Diminishing exposure of health care workers as much as possible, through using online clinics and phone calls as a substitute to primary clinics can prevent unnecessary risk of infection. Doctors may also talk to all patients by phone before their visits to rule out any possibility of COVID-19 infection. Deferring optional visits and restricting it only to urgent ones also help to prevent nosocomial infections [@b0185]. Modifications of the outpatient transplant clinics by widening the patients' waiting areas and following strict infection control precautions is of utmost importance [@b0215].

Workforce affairs are crucial; any member of the transplantation team suffering from any symptom suggestive of COVID-19infection should be absent from work and self-isolate him/herself for fourteen days if the exposure occurred. Moreover, a rapid test for the transplantation team is highly recommended [@b0220].

Post-operative care for liver transplant patients during COVID-19 era {#s0035}
=====================================================================

Post-operative care for LTX recipients during the pandemic of COVID-19 is challenging. To guarantee the maximum benefits for both the patient and the graft, a multidisciplinary management team is usually involved in postoperative care of LTX recipients. Such management includes infection control with extra care directed at preventing postoperative infections, including COVID-19 infection [@b0200].

Liver transplant recipients should be admitted to separate wards where there is complete separation from COVID-19 admission wards, along with the strict implementation of standard disinfection measures. It is recommended to limit surgical and medical rounds, requests for the image, and blood tests to the least required number [@b0050]. Follow up of Liver transplant recipients is usually performed in tertiary referral hospitals, where COVID-19 hotspots may be present [@b0195]. It is thus recommended to limit in-person outpatient visits even in areas without significant COVID-19 community spread [@b0225]. Hospital admission of liver transplant recipients should be considered only for patients suffering from major complications like rejection, decompensation, or vascular complications. During in-person outpatient follow up visits, liver transplant recipients should be evaluating in dedicated hepatology/liver transplant clinics away from clinics where confirmed or suspected cases of COVID-19 are evaluated [@b0050]. Once the patient is clinically stable, it is recommended to perform his routine laboratory investigations, including drug levels at primary care facilities [@b0195]. Telemedicine can mitigate exposure of both patients and healthcare workers to COVID-19 as it allows better physician-patient communication. Development of COVID-19 symptoms (fever, cough, shortness of breath, sore throat, diarrhea, the new loss of sense of taste or smell, contact with known COVID-19 patients, history of recent travel) in a liver transplant recipient should prompt urgent referral for evaluation along with hepatic symptomatology surveillance and drug compliance assurance [@b0185], [@b0230].

ICU care for liver transplantation in the era dominated by COVID-19 {#s0040}
===================================================================

Epidemics can lead to a significant increase in demand for ICU beds, so reducing the available beds. As an example, the SARS outbreak in Toronto led to closures of 35 ICU beds for ten days, which represented 38% of the tertiary-care university medical-surgical beds of ICU in Toronto [@b0235]. Many reasons represent a challenge in caring for patients with COVID-19 with a high risk of exposure for ICU staff. COVID-19 is highly contagious, along with more than one route of transmission. The high exposure dose, long contact hours with cases, some procedures such as noninvasive ventilation, and the length of ICU stay are representing the challenges for ICU staff during the epidemic [@b0240]. So, special measures and precautions should be taken in intensive care. For example, cases with COVID-19 should be admitted to single bedded and negative pressure rooms in separate units within intensive care. Clinical engineering should have rapid and special plans to convert standard rooms into ICU rooms. Retrofitting the rooms with externally exhausted HEPA filters may solve the problem [@b0245]. Most of the transplanted patients have multiple comorbidities and organ dysfunction, demanding high appropriate critical care management to support prompt graft recovery and prevent systemic complications [@b0250]. The early postoperative period is a critical time. Strict monitoring of vital data, support of cardiorespiratory performance, early assessment of graft function, along with recognition of unexpected complications (medical and surgical) are mandatory. The Intensive care management of liver transplanted patients mainly focuses on rapid hemodynamic stabilization, early weaning from mechanical ventilation, coagulopathy correction, preservation of kidney function, graft rejection prevention, proper fluid administration, and infection prophylaxis [@b0250].

Based on the current situation with the conflict of the limited capacity of ICU beds and the urgent need for transplantation in some cases, safety protocols should be applied in transplant centers with experience exchange between them. A recent protocol applied in one of the major centers of LTX in Portugal is to test new liver transplant cases with PCR for COVID-19 and arrange for transfer other medical or surgical critically-ill patients to the nearest other ICUs inside the hospital or outside, to ensure the ICU beds availability for new liver transplant cases. Moreover, patients and staff from each sector of the ICU should use different routes inside the ICU to decrease the risk of infection [@b0255]. Another way to minimize the possibility of ICU admissions is by applying the fast track protocols which can be applied safely for selected patients undergoing either living or DDLT [@b0260]. The definition of fast-tracking in liver transplant still lacks consensus among different centers, ranging from early postoperative extubating in the operating room once the surgery is finished, to strategies that minimize postoperative ventilation time. Generally, this term is reserved for early extubation, recovery in a post-anesthesia care unit (PACU), and direct transfer to the surgical ward avoiding an ICU stay [@b0265], [@b0270].

Possible drug-drug interactions between liver transplantation medications and COVID-19 therapy {#s0045}
==============================================================================================

Patients who underwent LTX are usually poly medicated using many drug classes. The most important are immunosuppressive drugs. As most anti-COVID-19 agents are investigational, drug-drug interactions are very critical in this situation in those fragile patients. Possible drug-drug interactions between SARS-CoV-2 antiviral drugs and commonly used immunosuppressants for liver transplant recipients are presented in [table 1](#t0005){ref-type="table"} [@b0275], [@b0280], [@b0285]. Possible interactions with other drugs are summarized below:Table 1Possible drug-drug interactions between SARS-CoV-2 antiviral drugs and commonly used immunosuppressants for liver transplant recipients.![](fx1_lrg.gif)[^1][^2][^3][^4][^5][^6][^7][^8][^9][^10][^11]

Chloroquine and hydroxychloroquine {#s0050}
==================================

Chloroquine and hydroxychloroquine act either as viral entry blockers or as immunomodulators. Despite encouraging preliminary reports, side effects, and interactions with other medications are well known [@b0275]. Chloroquine has potential interactions with commonly used drugs like ampicillin, amlodipine, azithromycin, propranolol, and antacids [@b0280]. Chloroquine has significant drug interaction with ciclosporin as it increases levels of cyclosporin by decreasing its metabolism. Also, Chloroquine increases levels of tacrolimus by the same mechanism but to a lesser extent [@b0280].

Remdesivir {#s0055}
==========

Remdesivir is a nucleotide analog with broad-spectrum antiviral activity against single-stranded RNA viruses [@b0275]. It is an investigational drug that appears safe and may not affect other medications; however, Remdesivir concentration can be affected by enzyme inducers like Clarithromycin, Rifampin, Phenytoin, and Phenobarbital [@b0285].

Favipiravir {#s0060}
===========

It is also an investigational drug with antiviral activities through its selective inhibition of viral RNA-dependent RNA polymerase [@b0275]. Favipiravir increase concentration of pioglitazone, rosiglitazone, paracetamol, oseltamivir, and hormonal replacement therapy; however, no significant interactions with immunosuppressive medications nor steroid [@b0285].

The lopinavir-ritonavir combination {#s0065}
===================================

A fixed-dose combination for the prevention and treatment of HIV infection. The cytochrome P450 inhibitory effects of ritonavir prolong the half-life of Lopinavir and extend its protease inhibitory action but, on the other hand, increases its liability for many drug interactions [@b0275]. This combination is not recommended to be co-administer with many steroids forms, simvastatin, atorvastatin, domperidone, and sirolimus. There is also a potential interaction with ciclosporin, mycophenolate, tacrolimus, which makes its use in the setting of LTX is questionable. However, a recent case report confirmed successful COVID-19 treatment by Lopinavir/ritonavir in liver transplant recipients [@b0290]. Lopinavir/ritonavir can increase chloroquine and hydroxychloroquine concentrations. Also, Lopinavir/ritonavir induces QT interval prolongation that may potentiate chloroquine and hydroxychloroquine toxicity [@b0285].

Tocilizumab {#s0070}
===========

Tocilizumab is a monoclonal antibody that targets the interleukin-6 receptor, which is the possible mediators of COVID-19 induced inflammation and cytokine storms [@b0275]. It has potential possibly minor interaction with ciclosporin, tacrolimus, and sirolimus. Tocilizumab can reduce concentrations of calcineurin inhibitors with necessary drug level monitoring. Its use with chloroquine and hydroxychloroquine may have additive toxicity. Also, It may potentiate hematological toxicity of ribavirin and interferon-beta if used together as Tocilizumab has a myelosuppressive effect [@b0285].

Ribavirin {#s0075}
=========

Ribavirin is an old antiviral drug used in the treatment of HCV for years, and that had a role in the treatment of SARS. As it causes dose-dependent hemolytic anemia, Ribavirin may potentiate the hematological toxicity of Interferon-beta and Tocilizumab. Ribavirin had no significant interaction with immunosuppressive drugs [@b0285].

Interferon beta {#s0080}
===============

One of the lessons learned from MERS-CoV infections is that host inflammatory responses play a major role in disease progression. This was the base of using interferon-beta in MERS-CoV and COVID-19 infections [@b0275]. In the setting of LTX, Interferon-beta had no interactions with immunosuppressive drugs or steroids. Nevertheless, it induces myelosuppression, so it should not be combined with Tocilizumab. Also, potential interaction with chloroquine and hydroxychloroquine may increase its toxicity [@b0285].

Management of liver transplant patients on immune suppressive therapy to prevent the acquisition of COVID-19 {#s0085}
============================================================================================================

Patients with advanced liver disease and those after LTX represent vulnerable patient cohorts with an increased risk of infection and/or a severe course of COVID-19 Because of the immunosuppressed state they have [@b0295]. As the innate immune response associated with increased serum interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis factor-alpha (TNF-α) levels may be the main driver for pulmonary injury due to COVID-19, immunosuppression may be protective [@b0165], [@b0300]. Coronaviruses have not shown to cause more severe disease in immunosuppressed patients. More interestingly, reviewing the mortality and morbidity reports published on Coronaviruses outbreaks such SARS that emerged in 2002, MERS, and more recently COVID-19, no fatalities were reported in patients undergoing transplantations, receiving chemotherapies or other immunosuppressive treatments [@b0305]. Risk factors for poor outcome include older age (post-transplant recipients aged greater than 60 years old) male sex and presence of comorbidities (obesity, diabetes, heart disease, lung disease, kidney disease) [@b0050]. Available data on coronavirus before and during outbreaks suggest that immunosuppressed patients are not at increased risk of severe pulmonary disease compared to the general population; however, immunosuppression may prolong viral shedding in post-transplant patients with COVID-19 if they are already infected [@b0180], [@b0300]. Immunosuppressive therapy should be started in patients with liver disease with or without COVID-19 who have strong indications for treatment (e.g., autoimmune hepatitis, liver transplant patients, and in cases of graft rejection). This should be done without compromising their transplant management as reducing the dosage or stopping immunosuppressants as this may precipitate acute rejection in a liver transplant recipient, so there is no need to reduce or stop immunosuppression for asymptomatic post-transplant patients without known COVID-19 [@b0050]. The reduction should only be considered under special circumstances (e.g., medication-induced lymphopenia, or bacterial/fungal superinfection in case of severe COVID-19) after consultation of a specialist [@b0310]. The potential role of corticosteroids for the prevention of progression of mild COVID-19 to severe pneumonia is unknown. WHO recommends avoiding corticosteroids for the treatment of COVID-19 unless indicated for another therapeutic purpose [@b0315]. In patients with confirmed COVID-19, we should minimize the dosage of prednisone, maintaining a sufficient dosage to avoid adrenal insufficiency [@b0195]. Similarly, it is also advised to reduce daily calcineurin inhibitor dosage; consider decreasing tacrolimus/cyclosporine by 50%, stop mycophenolate (CellCept/Myfortic) and Azathioprine especially in the setting of lymphopenia, fever, or worsening pneumonia attributed to COVID-19. In the case of ground-glass opacities, pneumonia switching mammalian target of rapamycin (mTOR) to calcineurin inhibitors (CNI, e.g., tacrolimus) should be done given the possibility of pneumonitis with mTor; otherwise, we should stop all immunosuppression [@b0295]. For outpatients on belatacept, switching to tacrolimus or cyclosporine should be considered after 28 days from the last dose, to avoid clinic visit. For inpatients on belatacept, we should not administer any further belatacept. Twenty-eight days after the last dose, adding low dose CNI should be considered. For CNI intolerant patients, increasing daily prednisone dose from 5 mg to 7.5--10 mg daily might be considered. Low dose prednisone (5 mg) in all patients who were receiving it before hospitalization can be maintained [@b0295].

[^1]: Abbreviations:

[^2]: ATV: Atazanavir, LPV/r: Lopinavir/ritonavir, RDV: Remdesivir, FAVI: Favipiravir, CLQ: Chloroquine, HCLQ: Hydroxychloroquine, RBV: Ribavirin, TCZ: Tocilizumab, IFN-β: Interferon beta.

[^3]: ♥: These drugs have been identified as having a known or possible QT or TdP risk.

[^4]: ↑ Potential increased exposure of the comedication.

[^5]: ↓ Potential decreased exposure of the comedication.

[^6]: ↔ No significant effect

[^7]: Boxed color code:

[^8]: Black: These drugs should not be coadministered.

[^9]: Dark grey: Potential interaction which may require a dose adjustment or close monitoring.

[^10]: Light grey: Potential interaction likely to be of weak intensity. Additional action/monitoring or dosage adjustment unlikely to be required.

[^11]: White: No clinically significant interaction expected.
